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ABSTRACT } b’; 3 {
Spectra of gamma rays following neutron absorption and inelastic-scattering
events in H, Be, C, O, Al, Cr; Fe, Ni, Zr, natural W and the W isotopes, U?* and
U?* are tabulated. The gamma thermal capture spectra for Cd and Sm are pre-
sented. A detailed study of the prompt and delayed fission gammas (both intensi-
ties and time variations) is also given. Descriptions are given of the sources of
information and the calculations performed. In addition, an evaluation of the re-

Ikl

liability of the data is given.
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1, SUMMARY

The United Nuclear Corporation is presently modifying its UNC-SAM Monte Carlo
radiation transport system of programs* for use in the tungsten nuclear rocket
program. The modified system and its main tracking routine will be called
ATHENA (Attenuation, Tracking, and Heating for NASA). In association with this
program, gamma heating studies in the core are being performed for which gam-
ma spectral data are necessary. Therefore, a detailed study was undertaken to
determine the gamma spectra and intensities following neutron absorption and in-
elastic-scattering events in the elements and nuclides of interest — H, Be, C, O,
Al, Cr, Fe, Ni, Zr, natural W and the separate W isotopes, U?¥, and U%*®%. The
capture spectra for the strongly capturing elements Cd and Sm are given. Finally,
a detailed study of the prompt and delayed fission gammas was made providing a
detailed description of the post-fission sources from 0 to 10 hr.

The thermal capture gamma spectra are generally well-known. The energy and
intensity of the discrete spectra are represented by their ‘‘best’’ experimental
values. Continuous gamma spectra are represented by a sufficient number of
discrete gamma energies to represent the spectrum adequately. Wherever discrete
gamma lines of relatively high intensity are imposed on a continuum, the gammas
of energy close to the discrete line have been lumped together with the discrete

gamma. This procedure was also followed for the inelastic gamma spectra.

*For a description of the UNC-SAM code see Reference 1.




It was assumed that the capture spectrum is independent of the neutron energy at
which the capture occurs. This assumption is generally adequate for most prob-
lems. The assumption that no gammas follow the charged-particle reactions (ex-

cept for oxygen) will tend to cause an underestimate of the total heating.

The gamma spectra following inelastic scattering, for neutron energies below

~4 Mev, are believed to be adequate, since they are based on experimental level-
excitation cross sections. In the intermediate neutron energy range (4 to 8 Mev)
the inelastic gamma spectra, based in part on statistical theory, are not uniformly
reliable, For neutron energies above 8 Mev, the spectra are based on statistical
theory which includes (n,2n) and (n,3n) processes. As the neutron energy increases
above 8 Mev, the validity of the parameters used in the theory becomes increas-
ingly questionable. In general, the shape of the spectra is given more reliably

than the absolute values. For the problems in which it is planned to use the data
presented in this report the inadequacy is not important because neutrons having

energies > 8 Mev constitute only 1/2 of 1% of the fission source.?

Inasmuch as the tungsten being used in the reactor may be enriched in one or
more isotopes, additional calculations were made to provide capture gamma spec-

tra for the isotopes W18 w18 wid anq wise,




-

2. GAMMA SPECTRAL DATA

2.1 ABSORPTION AND INELASTIC GAMMA SPECTRA

2.1.1 General Comments on the Absorption Spectra

This section describes a study made of the gamma spectra following absorption
and inelastic-scatter events in elements of interest in the tungsten nuclear rocket
program. The data are to be used in the modified United Nuclear Monte Carlo
three-dimensional transport code to determine, among other quantities, gamma

heating in and near the core.

The relevant data are presented in Tables 1 through 26, 32, and 33. Generally,
there are two tables per element (each element being identified in the programs
by a 5-digit integer). One table gives the absorption, and the other gives the in-
elastic spectrum. Each table consists of a matrix specifying, for a given neutron
energy bin, the number of gammas produced per event (absorption or inelastic)
for each of several discrete gamma energies.* The neutron energies given rep-
resent the upper energy of the bin. The spectra are assumed to be constant with-

in each neutron energy group.

The absorption spectrum for each element (except for Cd and Sm) includes both

capture and charged-particle events, the spectrum of each being weighted by its

*For several of the elements the gamma energies were combined so as to con-
dense the tables; the complete, more detailed spectra are available in punched-
card format for use in the ATHENA system.



average cross section in the given neutron energy group. If P, and Pcp are the
capture and charged-particle number spectra (number of photons produced) with
corresponding average cross sections o, and Ocps then the absorption number

spectrum P, for that neutron energy bin Ej is

Py (B Ey) - 2B Pelfy) s CoplEn)Pep(Fn,By) )
c\tn cp‘tn

For most of the elements (the exception being oxygen) it was assumed that Pcp:O,
i.e., no gammas are created following a charged-particle reaction. In general,
charged-particle reactions produce low-energy (<1 Mev) gammas. Thus they can
be neglected in shielding problems where the desired quantity is the gamma-ray
dose at the outside of the shield. For problems in which one desires the total lo-
cal gamma heating, neglect of gammas from charged-particle reactions will under-
estimate the total heating. A saving factor is that, in general, charged-particle
reactions are important only at high (several Mev) neutron energies. Hence for a
fission source where neutrons with E > 6 Mev represent only 2.5% of the source,
the fraction becoming 0.5% for E > 8 Mev, the underestimate of the heating will be
small. Moreover, at high neutron energies, in addition to the charged-particle
reactions, inelastic-scattering events (with Cinel 2 Ocp generally) yield gamma
rays, the latter being of higher energies than those from the charged-particle

reactions.

Eq. 1 implies that the capture spectrum is independent of the neutron energy at
which the capture occurs. This is not generally valid for resonance regions in
which different resonances may excite different levels. However, for a continuous
neutron energy distribution the composite thermal spectrum is adequate. The
possible variation of the capture spectrum with neutron energy, and its conse-
quences for any given element, could be further investigated. The thermal cap-
ture spectrum represents high-energy (several Mev) captures even less ade-

quately than in the resonance region. This does not represent any difficulty,




however, as the capture cross section is generally very small in the Mev range.

Moreover, for a fission spectrum, there are relatively few high-energy neutrons.

2.1.2 General Comments on the Inelastic Spectra

The inelastic gamma spectrum for each element includes the (n,2n) and (n,3n)
processes in addition to the purely inelastic (n,n’y) reaction. For neutron ener-
gies below ~4 Mev, the values tabulated are based on experimental level -excita-
tion cross sections. In some cases these were supplemented by Hauser-Feshbach
calculations. In the intermediate neutron energy range (4 to 8 Mev) the spectra
are based on statistical-model calculations, supplemented by some meager ex-
perimental data. The data of Perkin® for Al, Fe, Ni, and W, though complete, are
of dubious quality. He occasionally gives production cross sections for gammas
of energies which are not physically possible for the particular element and neu-
tron energy considered. Perkin also normalizes the cross section separately at
each neutron energy for which data are presented. This introduces spurious

structure in the gamma spectra, which we have attempted to remove.

As the neutron energy increases beyond 8 Mev, there is an increasing paucity of
experimental data (except for some data at 14 Mev). To compound the difficulty,
the validity of the parameters used in the statistical theory [which includes (n,2n)
and (n,3n) processes] becomes increasingly questionable as the neutron energy
extends further away from the energy range at which experimental data exist. In
general, the spectral shapes are given more reliably than the absolute values.
However, since the fission spectrum has very few neutrons above 8 Mev, inaccur-

acies inthe associated gamma spectra are not too important.



2.2 DISCUSSION OF THE REFERENCES USED AND CALCULATIONS PER-
FORMED IN PREPARING THE SPECTRAL INFORMATION FOR EACH
ELEMENT

2.2.1 Hydrogen

The gamma spectrum following a neutron interaction with hydrogen is a model of

simplicity. There are no inelastic scatterings, and an absorption at any energy

4

produces a single 2.23-Mev gamma.” The gamma spectrum is shown in Table 1.

2.2.2 Beryllium

The gamma spectrum following a neutron absorption in beryllium is based mainly
on the work of Draper and Bostrom.%® The spectrum is given in Table 2. There
is no (n,n’y) reaction in Be at the neutron energies of interest (<18.0 Mev). How-
ever, the (n,2n) reaction does lead to the creation of a 2.43-Mev gamma. The
number of such gammas created per ‘‘inelastic’’ event as a function of neutron

energy is given in Table 3. The data are based on the work of A. Krumbein.’

2.2.3 Carbon

E. Troubetzkoy and H. Goldstein® give the spectrum of gamma rays following neu-
tron capture in carbon. The spectrum was assumed constant for incident neutron
energies below 223 ev, above which the (n,y) cross section becomes zero. Above
223 ev no gammas are produced per neutron absorption as the gammas following

the charged-particle reactions are neglected. The spectrum is shown in Table 4.

The gamma spectrum following inelastic scattering in carbon was based on statis-
tical theory for neutron energies above 10 Mev. For Ej <10 Mev, experimental
level-excitation cross sections were used. It was assumed that the 7.66-Mev

level does not decay by gamma emission.® The data are presented in Table 5.




2.2.4 Oxygen

There are no neutron capture events in oxygen. The absorption spectrum given in

Table 6 represents the production of the 3.5-Mev gamma following the (n,a) reac-
tion. The gamma spectrum following inelastic scattering was based on the exper-

imental level-excitation cross sections measured by the Rice group and quoted in
BNL-325. These were supplemented by statistical model calculations. The de-
tails are given in Reference 10. The gamma spectrum, as a function of neutron

energy, is given in Table 7.

2.2.5 Aluminum

The capture spectrum was taken from J. E. Draper and C. O. Bostrom® and the
compilation of E. Troubetzkoy and H. Goldstein.! The gamma spectrum emitted
per inelastic-scattering event in aluminum wag deduced ollows. The work of
Towle and Gilboy'! and the compilations found in References 12 and 13 were sup-
plemented by Hauser -Feshbach calculations to determine the excitation cross
sections for the six lowest levels for incident neutron energies below 4.0 Mev.
These agreed remarkably well (to within 15%) with the calculations of M. Leim-

dorfer (personal communication).

For neutron energies above 4 Mev, statistical-model calculations were used.
These agreed well with the discrete-level data of Reference 11 and the Hauser-
Feshbach calculations near 4 Mev. The calculations were supplemented by the
experimental data of Perkin® for neutron energies to 8.5 Mev and by the data of
Thompson and Engesser at Ej, = 14 Mev (Reference 14).

The capture and inelastic gamma spectra are tabulated in Tables 8 and 9.

2.2,6 Chromium

The spectral intensities of gamma rays resulting from neutron capture in chromi-

um were taken from the compilation of Troubetzkoy and Goldstein.* The range of



gamma energies from 0 to 9.72 Mev has been divided into seven groups. Integrat-
ed intensities are given for each group. Since the charged-particle reactions
[which far outweigh the (n,y) reaction for E, > 2.5 Mev] are assumed to be ac-
companied by negligible gamma emission, the absorption gamma spectrum equals
the capture spectrum for neutron energies up to 2.5 Mev. Thereafter it drops

sharply to zero.

The gamma spectra following inelastic scattering in chromium were based on the
level-excitation cross sections of Van Patter,15 for incident neutron energies be-
low 3 Mev. For incident neutron energies above 3 Mev the gamma emission was

calculated from statistical theory.

The capture and inelastic gamma spectra following neutron interactions in chro-

mium are given in Tables 10 and 11,

2.2.7 Iron

The absorption gamma spectrum for iron was taken to be the capture spectrum, as
given by Troubetzkoy and Goldstein,4 for incident neutron energies below 4.5 Mev.
For Epn > 4.5 Mev the very small (n,y) cross section is negligible compared with
the (n,p) and (n,a) reactions. It is assumed that the charged-particle reactions

produce no gammas.

The production of gamma rays by inelastic neutron scattering from iron, for inci-
dent neutron energies below 4 Mev, were taken from the experimental data of
Montague and Paul.!® For neutron energies above 4 Mev, the data of Perkin®
which extend to E, = 8,5 Mev, and the data of Caldwell!” for E;, = 14 Mev were

used.

The capture and inelastic gamma spectra are tabulated in Tables 12 and 13.




2.2.8 Nickel

The absorption gamma spectrum in nickel was assumed to be equal to the capture
spectrum, which was taken from the compilation of Troubetzkoy and Goldstein.!
The spectrum of gamma rays following inelastic scattering, for neutron energies
below 4 Mev, was based mainly on the discrete-level excitation cross sections of
Broder et al.,'® supplemented by the work of Day!? and Cranberg and Levin.?’ For
neutron energies between 4 and 8.5 Mev the data of Perkin® were used. Above

8.5 Mev, the spectra were calculated by statistical theory with parameters ad-

justed to fit Perkin’s data at E; = 8.5 Mev.
The spectra are tabulated in Tables 14 and 15.

2.2.9 Zirconium

The capture gamma spectrum is taken from the compilation of Troubetzkoy and
Goldstein® for gamma energies above 3 Mev. For E, < 3 Mev the capture spec-
trum for zirconium was assumed to approximate that for molybdenum (which has
a similar spectrum above E, =3 Mev). The values were taken from Reference 4.
The gamma spectrum following inelastic scattering events in zirconium was ob-
tained from the data of M. Fleishman,?! using the total inelastic scattering cross
sections of J. Ray (UNC Phys./Math Memo No. 1679, Dec. 1960). The spectra are
tabulated in Tables 16a and 16b.

2.2.10 Cadmium

The capture gamma spectrum given in Table 17 is based on the compilation of
Troubetzkoy and Goldstein* and on the work of Smither.?? Nothing is presented in
this report on the inelastic gamma spectrum as cadmium will be present in rela-

tively low concentrations for its effect as a strongly capturing medium.




2.2.11 Samarium

The capture spectrum given in Table 18 is from Troubetzkoy and Goldstein? and

Groshev.?® No inelastic gamma spectrum is given.

2.2.12 Tungsten

A. Natural Tungsten

The gamma spectrum following thermal neutron capture is based on the experi-
mental data found in References 24 to 27. The spectrum, assumed to be independ-

ent of neutron energy, is given in Table 19,

For low neutron incident energies (E, < 2 Mev), the spectrum of gamma rays
from inelastic scattering is based mainly on the discrete level-exitation cross
sections of Smith.?® At higher neutron energies the data from Perkin® were sup-
plemented by statistical-model calculations. The values obtained are presented

in Table 20.

B. The Tungsten Isotopes — W' w18 wid anq with

Additional calculations have been made to provide capture gamma spectra for the
separated tungsten isotopes W18 w18 wid and W%, These spectra were ob-

tained from that for natural tungsten, as described in Troubetzkoy and Goldstein*
in conjunction with data on binding energies and on certain gamma lines assigna-

ble to particular isotopes, as given by Treado and Chagnon. %

Briefly, the procedure was as follows. The capture gammas for natural tungsten
are represented by a 12-group spectrum (n;E;), i = 1,2,..., 12; i.e., per absorp-
tion in natural tungsten there are emitted n; gammas of energy E,, etc. A ‘‘back-
ground’’ spectrum was constructed, assumed common to all of the isotopes, by
subtracting (with proper weighting) contributions attributable to particular iso-

topes. This background is

10




ni(B) = ni - 2 ajnj,i (2)
j=182,183
184,186

where nj j is the number of gammas emitted, in the energy range containing Ej,
by isotope j, and aj is the abundance of isotope j in natural tungsten, multiplied
by its thermal capture cross section and divided by the sum of the products of
abundances and cross sections, i.e., 2j represents the probability that a given
capture in natural tungsten is a capture in the isotope j.

Following this, the background spectrum was renormalized separately for each
isotope j, yielding the constants cj, S0 as to set the total gamma emission per
capture in isotope j equal to the binding energy Uj:

—
)
S’

< {B) _
c]§n§ B+ T ny B =

where Ef,i is the actual energy pf a line emitted by isotope j in the range repre-
sented by E;, and Uj = 6.10, 7.48, 5.86, 5.34 for j = 182, 183, 184, 186, as reported
by Treado and Chagnon. Finally, using the C; found from Eq. 3, a 12-group cap-
ture gamma spectrum was computed for each isotope, following the formula

' 3

] i

the summation being over lines k in the ith energy bin of the spectrum. The last

factor ensures the energy balance satisfied by the spectra
12
2 Nj i E;j = Uj (5)
i=1

The capture spectra are presented in Tables 21 through 24.

L1




2.2.13 Uranium-235 and Uranium-238 — Nonfission Gammas

In the proposed Monte Carlo calculations, the fission-related gammas will be gen-
erated from a prescribed power pattern and operating history, without regard to
the histories of individual neutrons after fission. On the other hand, neutron ab-
sorptions encountered during the neutron Monte Carlo are recorded on an inter-
action tape which is later processed by the GASP program to generate a source
for the secondary gamma problem. Since no distinction is made in this recording
between nonfission and fission captures, the element-dependent gamma-produc-
tion input to GASP should define the nonfission gammas produced per absorption
(i.e., per capture-or-fission), since the fission gammas are treated in a separate

(primary gamma) calculation.

These nonfission gammas per absorption were computed as follows. Let nj j be
the number of gammas of energy i produced as a result of the nonfission capture

of a neutron in energy bin j. Then

N. . = Uy(ﬂi) * N: 3
LI o, (Ej) + ot (Ej) L)

(where o, and o5 are the capture and fission cross sections) represents the num-
ber of nonfission gammas of energy i produced per fission or nonfission capture
of a neutron in energy bin j, In the calculations for U?% the n; j were assumed to
be independent of j (the neutron energy). The capture spectrum (for U%*) was
taken to be the same as that of the prompt fission gammas (to be discussed later).
Their intensity corresponds to a total of 6.429 Mev/capture (see References 30,
31). To generate the Ni,j for U? the following average cross section values were

used (data from Reference 8).

12




AVERAGE CROSS SECTIONS — 0,/ (03+0f) Vs
ENERGY FOR U2

Neutron Lower Energy

Bin Limit, Mev °J:7 lo::«mf;
1 3.7 (-8) 0.15

2 1.0 (-7) 0.17

3 1.0 (-6) 0.25

4 4.0 (-6) 0.60

5 7.0 (-6) 0.30

6 1.0 (-5) 0.34

T 1.5 (-2) 0.28

8 10 (-1) 0.15

9 1.0 (+0) 0.035
10 4.0 (+0) 0.003
11 10.0 (+0) 0.0005

1.81 (+1)

o 235 e ML P Y L P T P N Gy, Npngaperey BN R VN $woan 3
For U the Ni,j uimber of nonfission gammas per absorpti n) are given in

Table 25.

The thermal capture gamma spectrum, the n;j j for U*® is based on the work of
Campion (see References 32 and 8). The spectrum was assumed to be independent
of neutron energy; the total emission is 6.37 Mev/capture. Table 26, giving the
number of nonfission gammas per absorption in U?*®, is based on the following

average cross section values (data from Reference 8).

AVERAGE CROSS SECTIONS — 0y/(0,, + 0f) vs
ENERGY FOR U?*%®

Neutron Lower Energy

Bin Limit, Mev 03:7 iox+a:5
1 3.7 (-8) 1.00
2 1.0 (+0) 0.75
3 1.3 (+0) 0.35
4 1.5 (+0) 0.10
5 1.8 (+0) 0.08
6 2.3 (+0) 0.04
7 4.0 (+0) 0.01
8 7.0 (+0) 0.001
2.0 (+1)

13




A. Prompt and Delayed Gammas from Fission in Uy

Presented below are the spectra, intensities, and time variations which have been
compiled and calculated. This is followed by some discussion of the sources of

information, and recommendations for future work.

B. Results

Recommended Values for the Gamma Release Rates and Integrals Following
Fission of U*”

1. The total gamma energy release rate and integral, 0 to 10 seconds, is

shown in Table 27 and Fig. 1.

2. The spectrum of the prompt (0 to 5.0 X 10~® second) radiation is shown

in Table 28.

3. The integral data (gammas released during first 1.0 second after fission)

indicated in the last column of Table 27 are summarized in Table 29.

At present the spectrum is assumed to be constant over the entire
1.0 second. Table 28 could be modified to represent the range 0 to

1.0 second by multiplying the entries for Mev/fission and photons/fission
by 8.470/7.394 = 1.146.

4, Photon release rates, in 12 groups (1.0 second to 10 hours) are shown

in Table 30.

5. Integrated gamma output, Mev/fission, in 12 energy groups and three

time bands from 1.0 second to infinity is shown in Table 31.

C. Discussion: Sources of Data — Calculations

0to 5 % 1078 Second

The principal source of data on the spectrum and time dependence of the ‘‘prompt?”’

gammas (0 to 5 x 1078 second) is Maienschein et al., References 33 and 34.

14
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Fig. 4.1.1 of Reference 32 was integrated to provide gamma sources (for the first
5 x 1078 second following fission) in each of the 12 gamma groups which are used
in the tabulation of delayed gamma intensities, plus one group including the 5.5 to
7.5 Mev contributions. The energy range below 0.3 Mev, not reported in Ref-
erences 33 and 34, has been augmented by 0.24 Mev/fission, following Skliarev-
skii®® and Roos.’® This led to a value of 7.39 Mev over the range of 0.02 to 7.5 Mev,

0 to 5 X 10~% second.

5% 1078 to 1.0 X 107 Second

Here (and over the whole first second) the spectrum is assumed to be the same
as that for the very prompt radiation. The time dependence from 5 X 1078 to

1078 second was estimated by combining the four intensity-vs-time curves of

Fig. 4.2.2, Reference 34, each weighted by the average energy of the pertinent
gammas. Small extrapolations of the 0.70-Mev and 1.30-Mev curves of that fig-
ure permitted a calculation of a plausible shape of the intensity-vs-time curve for
the energy region of 0.15 to 1.42 Mev. This shape was assumed to describe the

time variation of the entire gamma source in this time interval.

For the normalization of this portion of the curve, use was made of Maienschein’s
experimental result that, from 5 x 1078 to 107, about 5.7% as many counts were
observed over a fairly wide range (0.16 to 1.93 Mev) as were observed in the first
5 x 1078 second for the same energy range. Hence the total energy emission in

this time range is taken to be 0.057 X 7.39 = 0,421 Mev.

1.0 x 1078 t0 6.0 x 107% Second

This range was filled in by graphical interpolation between the earlier and later
times. The possible error cannot be too large as the integrated energy release

over this range is only about 0.1 Mev.
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6.0 X 10™° to 1.0 Second

The shape of the curve of total energy release rate vs time in this time range was
taken to be the same as that given for E, > 0.51 Mev in Reference 37, Fig. 9 and
Table 1. The normalization from photons/fission-sec to Mev/fission-sec was
made by matching the U?* portion of that reference at 1.0 second to the absolute
intensity (in Mev/fission-sec) implied by the table of intensities which we have
given for times > 1.0 second.3®»3® This normalization appears well-founded since
the ratio of Walton’s intensities to Zigman and Mackin’s is very nearly constant

over the range from 1 to 4 seconds.

1.0 Second to 3.64 x 10 Seconds (10.14 Hours)

The data up to 1.74 x 10? seconds are reproduced from the work of Zigman and
Mackin®® as reported in Watson.® The first nine columns (covering 0.02 to

4.0 Mev) were extrapolated graphically from 1.74 X 10* to 3.64 x 10* seconds.
The last three columns (covering 4.0 to 5.5 Mev) were extrapolated from 2.75 X
10% or 4.03 x 10° seconds. .

3.64 x 10* Seconds to Infinity

The last time bands considered, extending the energy-release computations to
10% seconds and infinity, were treated by assuming that the exponents, ¢, in power
fits to the various energy-rate curves, W’ = at™ Mev/ sec, were the same for

t > 3.64 x 10* seconds as in the range 1.74 x 10* < t < 3.64 x 10* seconds.

2.2,14 Uranium-235 Energy Distribution of Gamma Rays Following Neutron-
Producing Reactions

The gamma-ray spectrum following inelastic-scattering events in U™ was de-
rived, for low incident neutron energies, from Hauser -Feshbach calculations,
taking into account the known discrete levels.*’ At higher energies, statistical

model calculations were performed. The spectra are given in Table 32.
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2.2.15 Uranium-238 Energy Distribution of Gamma Rays Following Neutron-
Producing Reactions

The gamma-ray spectrum following inelastic scattering for E;< 1 Mev was de-
rived from level-excitation measurements.*'™#* These measurements were ex-
tended by Hauser -Feshbach calculations, taking into account competition from
fission and capture processes. The neutron penetrabilities were calculated using
the nonlocal potential of Perey and Buck.*® For E; > 1 Mev the gamma spectra
are based on statistical theory, including (n,n’), (n,2n), and (n,3n) processes. The

spectra are presented in Table 33.
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TABLE 1 — HYDROGEN —
NUMBER OF GAMMA RAYS

EMITTED PER ABSORPTION
Ex,lﬁev
Energy 2.23
0.03 ev 1.0
18.02 Mev 1.0

TABLE 2 — BERYLLIUM - NUMBER OF GAMMA
RAYS EMITTED PER ABSORPTION

E,, Mev
E, Mev .8550 2.5900 3.3650 3.4410 5.9560 6.8070
2,00000z 01 0 -0 -0 -0 -U »0
1,00000z<03 ,2400 ,2i060 ,2g00 ,4100 ,0200 L6500
1,00000c=0g9 ,2400 L2100 ,2800 ,1100 00200 4500

1




TABLE 3 — BERYLLIUM — NUMBER OF GAMMA
RAYS EMITTED PER NEUTRON-

PRODUCING REACTION
Ey, Mev
E, Mev 2.43

1,8020¢0g 02 ,261¢
1,63y28 01 ,29gy
1"75145 0l
1,33476¢ g1 365y
1,20774g vl L4N0p
1,09281 01 245
9.,88815¢ oy  ,51qy
8,94717¢ 0y V5760
8,09573%¢ ou 545y
7.32532e vu L7100
6.62823E 0y .7750
5,99747¢ oy 914y
5,42673c a0y 837y
4,91031c ou , B384y
4,44303¢ ou  ,820y
4,020%2g 0u 7600
3,63765¢ 0y )
3,2914%8g ouv  ,3ouu
2,97825 o0y
2,69484g Ou ]
1,00000ge10 0




TABLE 4 — CARBON — NUMBER
OF GAMMA RAYS EMITTED
PER CAPTURE
E,, Mev
1.27 3.68 4.95
.3000 .3000 .7000
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E, Mev
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. RAYS EMITTED PER NEUTRON-PRODUCING REACTION
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TABLE 8 — ALUMINUM — NUMBER OF
GAMMA RAYS EMITTED
PER CAPTURE

E, Mev
1.5 .9500
1.78 1.0000
2.5 .7000
4.0 .8000
6.0 .2000
7.713 .2500
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TABLE 10 — CHROMIUM - NUMBER OF GAMMA RAYS EMITTED
PER CAPTURE

E‘)” Mev
0.5 1.5 2.5 4.0 6.0 8.0 9.716
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TABLE 12 — IRON - NUMBER OF
GAMMA RAYS EMITTED

PER CAPTURE

E,, Mev

.38
1.6
2.6
3.7
6.0
7.63
9.3

.7500
.6000
.2700
.2300
.2500
.3800
.0210
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TABLE 16 — ZIRCONIUM — NUMBER OF GAMMA
RAYS EMITTED PER CAPTURE AND PER
NEUTRON-PRODUCING REACTION

(16a) Number of Gamma Rays
Emitted per Capture

E,, Mev
0,7 1.5 3.5 6.0 7.5

—

1.3 0.2 1,13 0.35 0.04

(16b) Number of Gamma Rays Emitted per Neutron-

Producing Reaction
E,, Mev
E,Mev 10 20 30 40 50 60
18.0 39 .32 .25 .19 .10 .03
10.9 .50 .38 .31 .31 .19 .10
8.51 .53 .38 .32 .32 .21 .09
6.63 .58 .40 .30 .23 12
5.16 67 .42 .29 .12 0
4,02 .80 .44 .15 0

3.13 1.0 .50 0
2,44 1.0 .30
1.90 1.0 0

1.48 1.0
1.15 1.0
0.90 0 Y Y Y
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TABLE 27 — TOTAL GAMMA ENERGY RELEASE
RATE AND INTEGRAL, 0 TO 10 SECONDS

Integral,
t, sec Mev/sec-fission Mev/fission
0-5.0(-8) 1.48(+8)(average) 7.394

5.0(-8) 3.51(+6) (instantaneous)
1.0(-7) 2.15(+6) (instantaneous)
2.0(-7) 8.93(+ 5) (instantaneous)
4.0(-7)  2.72(+5) > 0.421
6.0(-7) 1.02(+5)
8.0(-17) 4.26(+4)

1.0(-6)  1.95(+4) J }
0.102

6.0(-5) 6.20(+2)
8.0(-5) 5.14(+2)
1.0(-4) 3.60(+2)
1.5(-4) 1.77(+2)
2.0(-4) 8.99(+1)
3.0(-4) 2.66(+1) ( 0.0478
4.0(-4) 1.15(+1)

6.0(-4) 3.94(+0)
8.0(-4) 2.20(+0)

1.0(-3) 1.58(+0) )
1.5(-3) 1.21(+0)

2.0(-3) 1.12(+0)

4.0(-3) 9.91(-1)

8.0(-3)  8.68(-1) L

1.0(-2) 8.06(-1) 0.0716
2.0(-2) 7.60(-1)
4.0(-2) 7.06(-1)
8.0(-2) 6.66(-1)

1.0(-1) 6.50(-1)
2.0(-1) 6.05(-1)

4,0(-1) 5.11(-1) 0.433
8.0(-1) 4.12(-1)
1.0(+0) 3.78(-1)
1.5(+0) 2.98(-1)
2.0(:0) 2.47(-1)
3.0(+0) 1.89(~-1) ¥ 1.307

4,0(+0) 1.54(-1)
5.5(+0) 1.21(-1)
1.0(+1) 7.22(-2)




TABLE 28 — SPECTRUM OF THE PROMPT (0 TO 5 X
10~ SECOND) GAMMAS FROM U?% FISSION

Energy,
Mev

0.02-0.4
0.4 -0.9

0.9

-1.35

1.35-1.8

1.8

2.2
2.6
3.0
3.5
4.0

4.5
5.0

5.5

-2.2

-2.6
-3.0
-3.5
-4.0
-4.5

-5.0
-5.5
-71.5

Total

Mev/fission,

0to5x1078 sec

0.710
1.950
1,327
0.912
0.659

0.526
0.372
0.310
0.218
0.155

0.089

Photons/fission,
E=VE,E, at E
0.08944 7.94
0.6000 3.25
1,102 1.204
1.559 0.585
1.990 0.331
2.392 0.220
2.793 0.133
3.240 0.0957
3.742 0.0583
4,243 0.0365
4,743 0.0188
5,244 0.0116
6.423 0.0163

TABLE 29 — GAMMA ENERGY
RELEASE, 0 TO 1 SECOND
AFTER FISSION

Time Band, sec

Mev/fission

0-5.0 x 1078
5.0(-8)-1.0(-6)
1.0(-6)-6.0(-5)
6.0(-5)-1.0(-3)
1.0(-3)-0.1
0.1-1.0

Total

7.394
0.421
0.102
0.0478
0.0716
0.4332

8.470
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Seconds

1,000¢¢F
1,5000F
2,00L00GE
T.00600E
4,0000F
&, 0UQUFR
2,0000E
1,3060F
1,9004E
2.80NCE
4,10048
6, 0U0GF
3,BUNCE
1,290GE
1.8y 0(k
2.7700E
4,0600F
5,950(F
R,7uniE
1.280(F
1 R7D0E
2.,7500F
4, 030GE
5,9000E
8,64n0E
1,2700E
1,740(E
3.65nuE
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TABLE 30 — PHOTONS PER SECOND PER FISSION AS

.020
.400
.089

1,6U0FR~»01
1,306E~01
1.080F®01
7.300€=02
5.,500F=02
3.800F~02
1.700F+02
1,100E=02
8480CE=03
S5.000E~U3
3,3060==03
2.106%-03
B.500€~04
S.60LE-04
J.BLUE=D4
Z2.900E-04
2.300;.."34
1.700E~04
1.250F=04
B.300E~D5
4,970%=05
3-0{.’0;'65
1.700E-25
1.1U00F=05
7+800F=06
3.100F=06

.400
.900
.600

.900
1.350
1.102

1,200E=01
9.60UFE=22
8+4100E=22
6.,100E=12
5.\‘0{)6.?2
3-7JUE'J2
2.6010E=12
1,90C0E=22
1.300E=232
Be&NJE=33
S«P00E=03
3099(”5"03
2.6M0E=33
1.,2008=33"
7.700E="4
B.2N1iEm] 4
J.400E=G4
1.590F=24
1. LUJE=4
6, 60NE=TD
4cSlJGE'05
2.9LUE=N5
10900E'35
1,200E=05
8,800E=06
JQBUUE'QO

7.200E=02
5.300E=02
4,1006-~02
2,930F=02
2.,300==02
1,6008=92
1,1J0F=02
7.600F=03
5,300E=03
3,800=03
2,7J0E=03
1,920£-03
1,330E-03
9.,60lkE=34
6,9 0E=04
4,8ilE=04a
3,400E=24
2.300F=24
1.5745=04
$,2CUF=35
5,804E=05
3,00UE=09
1,7307=05
A 9UlE=06
44 700E=00
2,400F=06
1.,6)0FE=06
5.6'.10:-07

1.350
1.800
1.559

1,800
2.200
1.990

3,400E=02
2.700F02
2-3005-02
1.700F«02
1.40CEwl2
1."UOEBP2
7.100E-0%
5,200Eei3
3,700Ee03
2.600E=3
I,ZQQE-US
§.500Fel 4
59700E9E4
J.83UFa4
2,500F="4
1.75){]!:‘!34
1.170Fe"4
7+ 170Ewd5
4,600F=05
3,110E«"5
1,200Fe15
1,300Ea5
7.6)0E=N16
4,90(0Ewip
2.770Fa06
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*These data, as well as the spectra and intensities for earlier times (10"“%
generator program written for the ATHENA system.
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. FUNCTION OF ENERGY GROUP AND TIME AFTER FISSION*
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| EG,

Mev
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2,0U0E~09
2,400E~10
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2,000g-12
3,300F~13
3.600E~15

io 1.0 second), are included as internal data in the VANGEN source-
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5.400FE+05
3+,600E=0S
2.300E~05
1.400E=0S
8.300E=Dp
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2.300E=06
1.200E~=D6
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1.100E~-0D8
1,.000E«09
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1.200E~11
1.,400E~12
1.100Em13
2+200En14
3.100E~16




TABLE 31 — INTEGRATED GAMMA OUTPUT, MEV/FISSION, IN
12 GROUPS AND 3 TIME INTERVALS FROM
1.0 SECOND TO INFINITY

Time Interval, sec

1.0 to 3.64 x 104 1.0 x 102 Total,
Group E, Mev 3.64x10' to01.0x10% to = 1.0to
1 0.089 1.77(-1) 3.42(-2) 5.90(-3)  0.217
2 0.600 1.25(+0) 4,04(-1) 2.38(-1)  1.89
3 1.102 1.07(+0) 5.15(-2) 2.09(-2) 1.12
4 1.559 9.29(-1) 6.24(-2) 1.25(-3)  0.993
5 1.990 6.31(-1) 1.53(-1) 1.01(-1)  0.885
6 2.392 5.53(-1) 1.96(-2) 2.20(-4) 0.573
7 2.793 3.61(-1) 3.50(-4) 0. 0.361
8 3.240 3.05(-1) 1.70(-4) 0. 0.305
9 3.742 2.59(-1) 1.50(-4) 0. 0.259
10 4,243 1.41(-1) 0.0 0. 0.141
11 4,743 7.71(-2) 0.0 0. 0.0771
12 5.244 4,01(-2) 0.0 0. 0.0401
Total* 5.79 0.73 0.35 6.87
Totalf 8.47
Total Fission Gammas 15.34
*0.02-5.5 Mev.

10.02-7.5 Mev, 0-1.0 sec.
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3. CONCLUSIONS

The tables presented in this report represent an adequate representation of the
gamma spectra following neutron absorptions and inelastic-scattering events from
the elements of interest in the tungsten nuclear rocket program. These include

H, Be, C, O, Al, Cr, Fe, Ni, Zr, natural W and four W isotopes, U%% and U?%,

The thermal capture gamma spectra are generally well-known. The assumption
that the capture spectrum is independent of the neutron energy should be further
investigated. The errors introduced in the gamma sources by neglecting gammas
from charged particles, though probably small, should be investigated. Indeed,
the charged particles themselves will, in general, deposit several Mev of energy
locally at the point of interaction. Neglecting the latter contribution might be
more important than neglecting the gammas produced in the charged-particle re-

actions.

The gamma spectra following inelastic scattering, for incident neutron energies
below ~4 Mev, are reasonably accurate as they are based on experimental level-
excitation cross sections. The resultant gamma spectra become less reliable
in proportion to the extent to which the experimental data are supplemented by

Hauser-Feshbach calculations.

In the intermediate neutron energy range (4 to 8 Mev) the inelastic gamma spec-
tra are not uniformly reliable. There is a real need for good experimental data

in this energy range, for almost all the elements considered in this report. The
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only relatively complete data, those of Perkin,® are of poor quality. The inelastic
gamma spectra tabulated for this energy range are generally based (in varying
degree) on statistical theory. The parameters used in the theoretical model are
at times questionable, and the unreliability increases as the incident neutron ener-

gy increases.

The lack of good experimental data becomes more acute when one considers high
(>8 Mev) incident neutron energies. There are practically no data except perhaps
at Ep = 14 Mev. For Ej > 8 Mev the tabulated spectra are almost exclusively
derived from statistical theory. In general, the spectral shapes are given more
reliably than the absolute magnitudes. Fortunately the problems to be run in this
program use a fission source, which has only one-half of one per cent of the source

above 8 Mev.

As tungsten is an element of major importance in the program, it was decided to
obtain capture spectra for several tungsten isotopes. The spectra are based on
those for natural tungsten, modified for each isotope according to its binding ener-
gy and the gamma transitions appropriate to the particular isotope. I remains

nittoide tha cnana ~Ff thic manant ta Alain tha inalactin ramma cnantra far tha
i : oo o nmmie gomman gpectra Ior The

-———— e ———g - ——

— g m— o mm mem e

various tungsten isotopes.

The gamma-ray spectra following neutron interactions with uranium-235 and
uranium-238 were separated into two parts. The gammas associated with non-
fission capture events were treated in the same manner as those of the other

elements.

A very complete study was made of the fission gammas — both prompt and delayed
(from 0 to 10 hr). These data are believed to be accurate to within the 15% un-
certainty claimed for the prompt radiation, and as such should be adequate for

most practical applications. However, some uncertainties remain which might be
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investigated. One stems from the assumption of a constant gamma spectrum for
the first second, which may not be entirely correct. For example, the average
prompt photon energy implied by Table 28 is E = 0.53 Mev/ photon, whereas

Table 30 implies that E varies from 0.85 Mev at 1 second to about 1.0 Mev over
the range from 10 seconds to about 5 minutes, after which it decreases to 0.6 Mev

at 10 hr.

Also, the extrapolations performed to extend Table 30 from about 5 hr to 10 hr,
while introducing relatively small contributions to the total energy release, could
be important in computing heating rates for long times after shutdown. Hence
these extrapolations should be examined more carefully if problems in these time

regions are contemplated.

In general, the accuracy of both the nonfission and the fission gamma spectra
are believed to be adequate for the problems to be considered in the tungsten nu-

clear rocket program.
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